Abstract-A compact microstrip diplexer based on dual closed loop stepped impedance resonator (DCLSIR) is proposed. The proposed microstrip diplexer is composed of the combination of two DCLSIR bandpass filters (BPFs), which are designed for X-band application. For the demonstration, a dual-channel diplexer has been designed and fabricated using microstrip and printed circuit board (PCB) technologies, respectively. The fabricated diplexer, operating at 8.3/10 GHz for X-band application, has compact size (15.17 mm × 2.69 mm). The measured results are in good agreement with the full-wave simulation results. Good isolation between two channels is achieved.
INTRODUCTION
Diplexers are one of the most important components in microwave circuits for channel separation in modern wireless, mobile, satellite communications, and radar systems. They are usually designed using two or multiple BPFs to separate each frequency passband. To be suitable for application in the abovementioned communications and systems, diplexers with high performance, compact size, light weight, low cost, and easy integration with other front-end circuitries simultaneously are highly demanded. Therefore, various techniques have been extensively studied to design diplexers. In [1] , ridge waveguide has been used for diplexer applications. However, such waveguide design is challenging to be integrated directly within a planar system. The most common methods to form a planar diplexer are based on designing two BPFs separately with different frequencies, then using T-junction [2, 3] , Y-junction [4, 5] , common resonator [6, 7] , and matching circuit [8, 9] to combine these two BPFs to form the final diplexer circuit. However, most of these diplexers are not small enough to be used.
The most technique used to compact the microstrip diplexer is to select proper resonators to reduce the circuit size since resonators are basic components of a filter. Thus, tri-mode stub-loaded resonator [10] and slotline stepped impedance resonator [11] have been used in diplexer configuration. Microstrip diplexers using TM 010 circular cavity [12] , folded open-loop ring resonators [13] , stepped impedance resonators [14] , and ring resonator [15] have also been designed to reduce the circuit area of the diplexer, but the aforementioned diplexers still have the disadvantage of large circuit area. Based on matching circuit approach [8, 9] , microstrip diplexers have also been designed and reported for reducing the circuit area of the diplexer; however, the occupied area of the matching circuit limits efforts of the reduction of circuit area. Moreover, some microstrip diplexer configurations exhibit disadvantages such as harmonics near or inside the two passbands which will degrade performance of the diplexer [3, 16] . Therefore, the design of microstrip diplexers with compact size is still a great challenge.
In this paper, a compact microstrip diplexer based on dual closed loop stepped impedance resonator operating at X-band frequencies is proposed. Compact size and good isolation between the two passbands are achieved. The measured results are in good agreement with the simulated ones.
DESIGN OF THE PROPOSED COMPACT MICROSTRIP DIPLEXER

Resonator Analysis for Diplexer
Figure 1(a) depicts the resonator of the proposed diplexer, which is formed by two closed-loop SIRs. P-P indicates the symmetry line of the resonator. Based on its symmetry, even-odd-mode technique can be applied to analyze the characteristics of the resonator. Under odd-mode excitation, the symmetric line P-P can be modeled as a perfect electric wall. The odd-mode equivalent transmission line model is indicated in Fig. 1(b) . Under even-mode excitation, the symmetric line P-P behaves as a perfect magnetic wall. The even-mode equivalent transmission-line model is shown in Fig. 1(c) . The oddmode resonant frequency f od and even-mode resonant frequency f ev are functions of parameters of the resonator, which can be expressed as:
where
c is the light speed in free-space, and ε eff is the effective dielectric constant of the substrate.
Subsequently, only the odd-mode has been considered to analyze the equivalent transmission line model of the proposed resonator. As shown in Fig. 1 , Z 1 , Z 2 , and Z 3 indicate characteristic impedances of the transmission line of electrical lengths θ 1 , θ 2 , and θ 3 , respectively. The impedance ratio is defined as:
and the odd-mod input impedance is expressed as [1, 7] :
The condition required for the resonant to occur is when Z od = ∞, thus, the resonant frequency of the resonator can be deduced as [17] :
The electrical length ratio of the resonator is given as:
by substituting Eq. (9) into Eq. (8), any desired frequency ratio (f s /f 0 ) of harmonic (f s ) to fundamental (f 0 ) resonances depends on the choice of suitable combination of the impedance and electrical length ratios of the resonator. The initial physical parameters of BPF1 and BPF2 can be obtained from Eqs. (9) to (11):
From Eqs. (8) to ( . It should be noted that the above calculation method does not mean that the parameters obtained will be exactly the desired frequency; therefore, a careful optimization should be performed. 
Filter Design
Based on the above resonator analysis, two configurations of BPFs operating at 8.3/10 GHz, respectively, have been designed. The designed BPFs have been optimized using HFSS software. The BPF1 operating at 8.3 GHz should have a wide upper stopband in order to avoid the interference with the frequency response of BPF2. For the same reason, the BPF2 operating at 10 GHz should have a wide lower stopband in order to avoid the interference with the frequency response of BPF1 [18, 19] . To validate the proposed design concept, the design parameters of BPFs such as the 3-dB bandwidths (BWs) with 11% (BPF1) and 13 % (BPF2), the coupling coefficients and external quality factor can be determined regarding circuit elements of a second-order Chebyschev prototype filter. Based on approximate synthesis formulas [20] of the standard Chebyshev low-pass prototype filter, the elements are defined as: g 0 = 1, g 1 = 0.9513, g 2 = 1.3630, J 1 = −0.1357, and J 2 = 1.0310. According to the relationship between the bandpass design parameters and standard Chebyshev low-pass prototype filter elements [20] , the coupling matrices of the two passbands are deduced as: 
are the coupling matrices of BPF1 and BPF2, respectively. For each BPF, the coupling coefficient K is a function of parameter S. As seen in Fig. 2(c) , the coupling coefficients of two passbands are decreased when the space S between the two resonators is increased. By using full-wave EM simulation software, the coupling coefficient K can be evaluated from the two dominant resonant frequencies for two coupled resonators. Assuming that f p1 and f p2 are the two splitting resonant mode frequencies, the coupling coefficient can be extracted using the following expression [20] :
The external quality factor can be obtained by the following equation [20] :
where f 0 is the resonant frequency, and Δf −3 dB is a 3-dB BW of the input or output resonator when it is alone externally excited. Based on the above mentioned, the required coupling space (S) between two resonators of each BPF to make proper coupling is 0.1 mm whereas the satisfactory coupling coefficient can be obtained as 0.0797 and 0.096 for BPF1 and BPF2, respectively. The desired external quality factors of BPF1 and BPF2 are 75.45 and 76.92, respectively. Figs. 2(a) and (b) indicate the simulated results of BPF1 and BPF2, respectively. The 3-dB fractional bandwidths (FBWs) for BPF1 and BPF2 are 11% and 13%, respectively. The simulated insertion loss within the passband of BPF1 is estimated as 1.03 dB, whereas its return loss is better than 20 dB. In the same way, the simulated insertion loss within the passband of BPF2 is about 1 dB, whereas its return loss is better than 30 dB.
Diplexer Design
The layout of the proposed microstrip diplexer is shown in Fig. 3 . To construct a dual-channel diplexer, two BPFs shown in Fig. 3 , whose passbands are corresponding to each channel of the diplexer, should be designed first. The second step is to combine the two BPFs based on DCLSIR. Each path of the diplexer is a two-order BPF. To combine two BPFs to form a diplexer, the most popular techniques used are the T-junction [2, 3] , Y-junction [4, 5] , common resonator [6, 7] , and matching circuit [8, 9] . In this paper, T-junction technique is used to provide the input signal and impedance matching which has two branches. Each branch of the T-junction is linked to one of the two BPFs. The length (L 6 + L 7 ) of the branch linked to lower BPF (BPF1) is approximated to a quarter of the guided wavelength of upper BPF (BPF2). In the same way, the length (L 4 + L 5 ) of the branch connected to BPF2 is approximated to a quarter of the guide wavelength of BPF1. Finally, the proposed microstrip diplexer is obtained after carefully tuning the two branches. The optimized dimensions (all in mm) of the proposed diplexer, as depicted in Fig. 3 , are: Common:
MEASURED RESULTS AND DISCUSSION
A prototype of the proposed microstrip diplexer has been designed and fabricated on a dielectric substrate with ε r = 3.66, h = 0.508 mm, and tan δ = 0.004. The design of the structure and simulation of the proposed microstrip diplexer have been carried out by using HFSS software. A photograph of the fabricated microstrip diplexer is shown in Fig. 4 with the merit of a compact size of 15.17 mm ×2.69 mm. In terms of wavelength, the size without the 50 Ω feed lines can be approximated as 0.657λ g × 0.117λ g , where λ g is the guided wavelength at the first passband. The measurement results of the proposed microstrip diplexer are obtained by using Agilent N5244A Vector Network Analyzer. As shown in Fig. 5 , the agreement between simulated and measured results is good. However, the observed deviation between the simulated and measured results might be due to fabrication errors. The simulated in-band insertion losses at lower and higher passbands are 1.3 dB and 1.45 dB, respectively, whereas its measured in-band insertion losses at lower and higher passbands, including the loss from SMA connectors, are about 1.8 and 1.9 dB. The simulated in-band return losses at the first and second passbands are 20 dB and 23 dB, respectively, whereas its measured in-band return losses at the first and second passbands, including the loss from SMA connectors, are better than 10 dB. The 3-dB FBWs of the channels are 11% (BPF1) and 13% (BPF2). It should be noted that some displacements of the central frequencies of the lower and upper passbands led to this. This shifting produces a slight reduction of the channels' bandwidths but does not affect their selectivity. The observed disagreements at central frequencies far from the passbands might be because second order effects are not taken into account by the parametric models. Moreover, for good impedance matching, the isolation between the two channels as depicted in Fig. 6 is 26 .69 dB. The small discrepancy observed between the simulated and measured results might be due to fabrication errors. Table 1 depicts the performance comparison between the proposed microstrip diplexer and reported diplexers. Compared with other approaches as indicated in Table 1 , the proposed microstrip diplexer has advantages of low insertion loss, good isolation, and compact size. 
CONCLUSION
In this paper, a compact microstrip diplexer based on DCLSIR has been presented. The proposed microstrip diplexer is composed of two channels based on DCLSIR operating at (8.3)/(10) GHz. The circuit size of the fabricated microstrip diplexer is estimated 0.657λ g × 0.117λ g , where λ g is the guided wavelength at the first passband. Due to an appropriate choice of DCLSIR geometry, a compact size, low insertion loss, good isolation between the two channels, and low cost have been achieved. Based on the above mentioned advantages, the proposed microstrip diplexer has a good potential application in X-band systems.
